Group B Streptococcus (GBS), a common bowel commensal, is a major cause of neonatal sepsis and an emerging cause of infection in immune-compromised adult populations. Fluoroquinolones are used to treat GBS infections in those allergic to beta-lactams, but GBS are increasingly resistant to fluoroquinolones. Fluoroquinolone resistance has been previously attributed to quinolone resistance determining regions (QRDRs) mutations. We demonstrate that some of fluoroquinolone resistance is due to efflux-mediated resistance.
INTRODUCTION
Group B Streptococcus (GBS, Streptococcus agalactiae) is a major cause of neonatal sepsis and an emerging cause of infection in immune-compromised adult populations [1] . It is also a common member of the bowel microbiota. Both commensal and infecting GBS strains are often resistant to macrolides and fluoroquinolones, which are second-line GBS therapies [2] [3] [4] [5] .
Mutations in the quinolone resistance-determining region (QRDR) of the gyrase and topoisomerase genes are the dominant mechanism of fluoroquinolone resistance in GBS. We previously observed a high prevalence of QRDR mutations in GBS strains resistant to a range of fluoroquinolones, including norfloxacin, ciprofloxacin, levofloxacin, and moxifloxacin, among a large collection of commensal and invasive GBS isolates from South Korea. However, there were fluoroquinolone-resistant strains in our collection that did not harbor QRDR mutations; these strains were resistant only to norfloxacin [6] .
Mutations affecting efflux pumps are a possible alternative mechanism for fluoroquinone resistance. Efflux pumps resulting in fluoroquinolone resistance have been previously reported in gram-positive organisms including Staphylococcus aureus [7] [8] [9] , Streptococcus pneumonia [10] [11] [12] [13] , Streptococcus pyogenes [14] and Streptococcus suis [14] . A mutation affecting an efflux pump can cause antibiotic resistance either by increasing expression of the efflux pump following exposure to an antibiotic, or as a result of an amino acid substitution making the efflux pump more efficient at transporting the antibiotic. One antibiotic may be the substrate of one or more efflux pumps from the same or different efflux families [14, 15] .
We screened invasive and colonizing norfloxacin-resistant GBS isolates from South Korea without mutations in the QRDR regions of gyrase and topoisomerase genes for the efflux phenotype, using the efflux inhibitor method, in order to evaluate the possibility that efflux pump mutations are a mechanism of resistance to norfloxacin [13] .
MATERIALS AND METHODS

Study collection
The sample collection and GBS isolation have been described previously [16] . Briefly, clinical isolates (identified as GBS isolated from urine, vagina, wounds, abscesses, cervix, prostate, blood, and sputum) were collected from hospitalized patients throughout South Korea, and colonizing isolates were specifically collected for this study from the urine, vagina, and rectum of healthy pregnant women receiving prenatal care at four hospitals in South Korea (Eulji Hospitals in Seoul and Daejeon, Cheil Hospital in Seoul, and Motae Women's Hospital in Daejeon) between January 2006 and December 2008. Written informed consent was obtained from all participants, and the study protocol was approved by the institutional review board of Eulji University Hospital (04-08 and 06-25), and Cheil Hospital (SCH-IRB-2005-24). The use of these isolates for molecular studies was deemed exempt by the institutional review board at the University of Michigan (H03-00002617-R) because the Michigan investigators had no access to identifying information.
Susceptibility to quinolones was tested using a VITEK II (Biomerieux, Durham, NC, USA) at the Seoul Clinical Laboratories and Seoul Medical Science Institute with minimum inhibitory concentration (MIC) levels set according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 2009 and 2011 guidelines [17] . Among the 1,075 GBS strains collected, 9.3, 9.5, and 0.8% were resistant to ciprofloxacin, levofloxacin, and moxifloxacin, respectively, and 95% were resistant to norfloxacin. Of the strains resistant to norfloxacin, 87% (886 strains) were sensitive to the other fluoroquinolones tested.
For the current study, we selected the 88 strains that were resistant only to norfloxacin. Twenty had been previously screened for QRDR mutations; no mutations in the QRDRs of the gyrase and topoisomerase genes were found. We therefore concluded that QRDR mutations were not the cause of this phenotype [6] . To increase our ability to detect the effect of a possible efflux pump mutation, we included 68 additional strains resistant only to norfloxacin that had not been screened for QRDR mutations. For comparison, we also included 56 strains that were resistant to ciprofloxacin, levofloxacin, or moxifloxacin in addition to norfloxacin; all had QRDR mutations, and two strains susceptible to all four fluoroquinolones were included as negative controls ( Table 1) . The 146 GBS strains tested for the efflux phenotype were classified into four different categories: i) no mutations in gyrA and parC, ii) mutations in parC only, iii) mutations in both gyrA and parC, and iv) mutations unknown (Table 1) . Among the selected strains, 104 strains (71%) caused clinical disease and the remaining 42 strains (29%) were colonizing.
Identification of efflux phenotype
We screened for a change in the MIC of norfloxacin in the presence of reserpine (20 µg/mL), an efflux pump inhibitor [18] to establish the efflux phenotype; all experiments were performed in duplicate. As a confirmation, we repeated the experiments using ethidium bromide as the substrate instead of norfloxacin [7, 18, 19] . GBS was grown in a Todd-Hewitt broth (Becton Dickinson, Sparks, MD, USA) at 37°C for 18 hours. A 0.5 McFarland standard suspension was prepared and transferred into a 96-well plate of Todd-Hewitt medium in the presence of differ- ent concentrations of norfloxacin or ethidium bromide. The final bacterial concentration in each well was -5 × 10 5 colony forming units per milliliter. The plate was incubated at 37°C and MIC values were determined after 18 hours of incubation [20] . Norfloxacin was obtained from Sigma Aldrich (St Louis, MO, USA); reserpine was obtained from MP Biomedicals (Solon, OH, USA) and ethidium bromide was obtained from Fisher Scientific (Piscataway, NJ, USA). The MICs of two negative controls, GBS strains ATCC 12403 and A909, were both 4 μg/ mL when either norfloxacin or ethidium bromide were used as a substrate; no difference in ethidium bromide MIC was detected for these control strains when reserpine was added. We used Staphylococcus aureus strain 1199B cloned with the norA efflux pump (provided by Dr. Glenn W. Kaatz, Wayne State University) as a positive control and GBS strains ATCC 12403 and A909 as negative controls.
We used the presence of a 4-fold difference in MIC for norfloxacin or ethidium bromide grown in the presence of reserpine compared to the absence of reserpine as a cutoff indicating the presence of the efflux phenotype. This cutoff is consistent with previous studies on Streptococcus pyogenes [21] , S. pneumonia, E. faecalis, and S. aureus [10] .
Data analysis
All data analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).
RESULTS
We included in our testing two GBS isolates that were sensitive to all fluoroquinolones tested, and nine that were insensitive to norfloxacin, but sensitive to the other fluoroquinolones. Of the 135 GBS strains resistant to norfloxacin alone or to norfloxacin and combinations of ciprofloxacin, levofloxacin, or moxifloxacin, 20 had no mutations in gyrA and parC,17 had mutations in parC only, 30 had mutations in both gyrA and parC, and the mutation status of 68 strains was unknown (Table 1) .
Using norfloxacin as the substrate, half of the 20 strains resistant to norfloxacin with no QRDR mutations and 19% of those resistant to norfloxacin with a parC mutation showed evidence of the efflux phenotype ( Table 2) . The results for the 68 isolates resistant to norfloxacin with unknown mutations were essentially the same as that found for those without QRDR mutations: 52.9% showed evidence of efflux (the details of the mutations and efflux phenotype are presented in the Appendix 1). We found no difference in the prevalence of the efflux phenotype using norfloxacin as a substrate between clinical and colonizing isolates (p> 0.05) or by site of isolation (p> 0.05) (data not shown). For the two isolates sensitive to all fluoroquinolones and the 30 isolates resistant to norfloxacin with parC and gyrA mutations, there was no evidence of the efflux phenotype when grown in the presence of reserpine.
By contrast, when ethidium bromide was used as a substrate on the 88 strains resistant only to norfloxacin, we found only modest evidence for the efflux phenotype (29.4%). The results were the same for those without QRDR mutations and where QRDR mutations were unknown: 30% and 29%, respectively. A comparison of the results of the two detection methods, even when making the ethidium bromide test more sensitive by using a cutoff of a twofold change in MIC, found only moderate agreement between the two tests (kappa= 0.6); 38 out of the 88 strains were efflux-positive using either ethidium bromide or norfloxacin as substrate while 9 strains were identified as efflux-positive only when using ethidium bromide and 8 strains were identified as efflux-positive only when using norfloxacin as a substrate. Norfloxacin MICs of two negative controls, group B Streptococcus strains ATCC 12403 and A909, were both 4 μg/mL; no difference in norfloxacin MICs was found when reserpine was added.
DISCUSSION
We identified an efflux phenotype among fluoroquinoloneresistant GBS strains without any QRDR mutations, detecting a 4-fold difference in norfloxacin MIC when grown the presence of reserpine. Strains with the efflux phenotype were resistant to norfloxacin but not ciprofloxacin, levofloxacin, or moxifloxacin. To our knowledge, this is the first report of efflux-mediated resistance to fluoroquinolones among colonizing and clinical strains of GBS. Efflux-mediated resistance to other antibiotics (macrolides [22, 23] , tetracycline [24] ) in GBS has been previously reported.
We did not find the reserpine-mediated efflux phenotype in GBS strains resistant to fluoroquinolones when both gyrA and parC mutations were present. However, the efflux phenotype was found in three norfloxacin-resistant and ciprofloxacin intermediate-resistant strains with parC mutations but without gyrA mutations. This result is consistent with the possibility that efflux is the first step of low-level resistance to hydrophilic compounds like norfloxacin and ciprofloxacin [7, 25] . Hydrophobic fluoroquinolones such as moxifloxacin and levofloxacin are thought to be poor substrates for efflux pumps in Streptococcus pneumonia [26] and Staphylococcus aureus [7, 27] , although reserpine-mediated efflux phenotypes have been reported for both these organisms [7, 26, 28] . Target alteration (i.e., mutations in gyrA and parC) accounts for higher levels of resistance, as has been reported in other Gram-positive bacteria [7, 25] . Nonetheless, the presence of efflux-mediated resistance is concerning, as efflux pumps can be adapted to other substrates.
Among the 42 of 88 norfloxacin-resistant strains tested that did not show the efflux phenotype using norfloxacin as a substrate, nine were efflux-positive using ethidium bromide as a substrate. This suggests that multiple efflux pumps in GBS may coexist with varying substrate specificity. The presence of multiple efflux pumps has been demonstrated in other Gram-positive organisms, such as S. aureus and S. pneumonia [9, 29] . It is therefore likely that our results on the prevalence of the efflux pump phenotype in GBS underestimate the true proportion of efflux-positive fluoroquinolone-resistant strains. Other methods of efflux detection, such as monitoring the gene expression of efflux pumps as has been done for S. aureus, will likely help to identify more efflux-positive strains. However, methods for gene expression based on quantitative polymerase chain reaction methodologies require that the genes involved in fluoroquinolone efflux be identified, which is not yet the case for GBS.
In summary, our study suggests the presence of an efflux phenotype in a substantial proportion of GBS strains resistant to norfloxacin. The reserpine-sensitive efflux phenotype resulted in moderate increases in the MIC of norfloxacin (average, 3.6-fold; range, > 1-16-fold). We did not find the efflux phenotype in strains that were also resistant to other fluoroquinolones, such as ciprofloxacin, levofloxacin, and moxifloxacin, but did find it among strains with the combination of intermediate ciprofloxacin resistance and norfloxacin resistance. Future studies are needed to identify and characterize the mechanism underlying this phenotype as well as the genes causing fluoroquinolone efflux pump(s) in GBS.
